We proposed and experimentally demonstrated a programmable optical signalto-noise ratio (OSNR) monitoring scheme by using linearly chirped fiber Bragg grating (LCFBG) and a commercial thermal printer head. For the coherent optical orthogonal frequency-division multiplexing (CO-OFDM) transmission system, the monitor's working wavelength can be flexibly software-controlled from 1530 to 1538 nm to support standard ITU-T grid or flex-grid operation. The linear OSNR monitoring range has been achieved from 9 to 26 dB for a 16-quadrature amplitude modulation (QAM) OFDM transmission system with negligible errors, respectively. Neither chromatic dispersion nor polarization mode dispersion affect the monitoring accuracy of our system.
Introduction
Along with the development of flexible optical networks and advanced modulation techniques, it is essential to monitor the basic assessment index of the communication system in the physical layer. Optical signal-to-noise ratio (OSNR) is one of the most important parameters to estimate the optical signal transmission quality and to avoid transmission failure [1] , [2] . However, the traditional use of out-of-band OSNR monitoring technique is no longer valid for the ultra-dense wavelength division multiplexing (UDWDM) system using cascaded reconfigurable optical add/ drop multiplexer (ROADM) and the advanced modulation technique such as the coherent optical orthogonal frequency-division multiplexing (CO-OFDM) [3] . Therefore, it is indispensable to perform the in-band OSNR monitoring of every WDM channels in a flexible and cost-effective way.
There are several in-band OSNR monitoring methods proposed previously. One of the wellknown monitoring techniques is the polarization-nulling method [4] . It assumes the signal is fully polarized and the amplified spontaneous emission (ASE) noise is unpolarized, nevertheless, this method is not accurate in dual polarization multiplexed optical transmission system. Other methods include electro-optic phase modulation [5] , Mach-Zehnder interferometers [6] , [7] and nonlinear optic schemes [8] , etc. The dynamic range of OSNR measurement of those methods are 40 dB [5] , 20 dB [6] , 25 dB [7] , and 25 dB [8] , respectively. The electro-optic phase modulation method [5] provides a large linear dynamic range with fine tunability, while with relatively expensive equipment and complex signal processing or spectrum analyzing after detection. Recently, integrated silicon microdisk or microring resonators [9] , [10] based methods provide a relatively simple way to monitor the OSNR, in which a narrow-band optical filter plus the optical power measurement is utilized [11] . Q. Li et al., etc. have demonstrated an OSNR monitor with a working range of 17 dB [9] for 40-Gb/s OOK and DPSK system and the wavelength tuning range is about 2 nm. The silicon-based technique generally needs tedious fabrication process and the coupling loss between the silicon chips and fibers is relative high. Moreover, the wavelength tunability of the silicon-based ONSR monitor is largely constrained.
In our previous works, we have designed and fabricated a programmable waveshaper [12] and its application as a second order differentiator [13] . In reference [13] , we used the notch filter between two adjacent phase shift areas in the stopband of LCFBG's transmission spectrum to implement a second order optical differentiator's function. Meanwhile, the grating depth of the differentiator's LCFBG is relative low (less than 10 dB) to achieve deeper notch. Apart from these achievements, in this paper, by improving the control method (all-software controlled) and control accuracy, we use two linearly chirped fiber Bragg gratings (LCFBGs) with grating depth about 45-50 dB and a thermal printer head (TPH) to achieve a fairly accurate OSNR monitoring for arbitrary wavelength channel with negligible chromatic dispersion (CD) and polarization mode dispersion (PMD) dependence. Compared with existing solutions, our method has the advantages of cost-efficiency, low insertion loss, large wavelength tunability, all-fiber structure, and is compatible with current optical fiber communication systems.
The rest of this paper is organized as follows. The principle and system configuration of the OSNR monitor based on LCFBG and TPH is described in Section 2. In Section 3, the experiment results of the OSNR monitoring for CO-OFDM system is shown, the insensitivity of the CD and PMD variation is also demonstrated. And finally, a conclusion is drawn in Section 4.
Principle and System Configuration
The basic principle is described as follows [9] . At the receiving terminal of a transmission system, the total optical power after the pre-amplifier operating at constant power output mode is fixed at a certain value including both signal and noise. In Fig. 1 , the color lines represent the optical spectrums with different OSNR values, which are measured by an optical spectrum analyzer (OSA) (YOKOGAWA, AQ6370C) with resolution of 0.02 nm. The degraded OSNR results in decreased signal optical power along with the elevated ASE noise background, if we use an optical filter with ultra-narrow passband to extract the central portion of the signal's spectrum, the filtered optical power is dominated by the signal and the filtered in-band ASE noise can be neglected. More importantly, there is almost a linear relationship between the filtered optical power and the OSNR as
where P f represents the filtered optical power, and P n is the ASE noise power in the filtered spectrum. When the filtered optical power is much larger than the ASE noise power P n , P n can be omitted and the monitoring of the in-band OSNR can be approximated by the measurement of the filtered optical power P f . The experimental setup is depicted in Fig. 2 . Four tunable lasers are set as the different optical sources for different WDM channels. The 16QAM OFDM signal was generated in Matlab using 128-point IFFT with 64 data-bearing subcarriers and each carrier is modulated with 16QAM format. Then the real and imaginary parts of the OFDM signal are D/A converted by an arbitrary waveform generator (AWG 7122C, Tektronix, operated at sampling rate of 10 GSam/s) to drive the I/Q modulator. The total bit rate is 10 GSam=s Â 64=128 Â 4 ¼ 20 Gb/s. After the transmitter, the signal is attenuated by a variable optical attenuator (VOA1) to get different signal power and an ASE noise carved by a 1nm bandwidth tunable optical filter (TOF) is coupled with the signal by a 50:50 coupler for accurately setting the OSNR level. At the receiver side, the signal is amplified by an erbium-doped optical fiber amplifier (EDFA) working in constant power output mode, then passed through the tunable CD/PMD emulator (PMD emulator with a polarization controller). Another VOA is used after the amplifier to adjust the total received optical power (ROP). A 50% portion of the signal is fed into the coherent optical OFDM receiver, which contains a digital storage oscilloscope (DSA 72504D, Tektronix, operated at sampling rate of 50 GSam/s) and an offline DSP processor. Other portion of the signal is coupled into our OSNR monitoring block and an optical spectrum analyzer (OSA) is used for OSNR calibration.
Experimental Results and Discussion
The OSNR monitoring is based on a linearly chirped fiber Bragg grating (LCFBG) and a commercially available thermal printer head (TPH). The LCFBG was inscribed with the scanned phase mask (RPMC-248-1057.85-2.18, StockerYale) method into a segment of boron doped photosensitive fiber (PS1250/1500, Fibercore Co.) which was hydrogen loaded at 12 Mpa at 80 C for one week. The UV light source is a CW 244 nm laser generated from a frequencydoubled argon-ion laser with the inscribing speed of 0.01 mm/s. The chirp rate of the phase mask is 2.18 nm/cm and the length of the grating is 28 mm. The TPH (FTP-628MCL701, Fujitsu) consists of a thermal array with 384 heat pixels, and each pixel can be heated independently. The TPH is drived by our in-house developed driver circuit and controlled by the computer software. The LabVIEW-based software can precisely control every heating pixels to form a programmable temperature field. When the LCFBG sticks tightly to the TPH, the thermo-optic effect will introduce a temporal phase shift into the LCFBG near the heated pixels, and the phase shift leads to an ultra-narrow bandwidth optical filter in the stopband of the LCFBG, as shown in Fig. 3(a) . The 3 dB bandwidth is typically less than 0.02 nm (beyond the OSA measurement capability). By software configuring the heating position and heating width, a programmable ultra-narrow bandwidth filter with tunable central wavelength and bandwidth is implemented. The bandwidth along the whole tuning range can be always controlled to be less than 0.02 nm.
If we use only one LCFBG to achieve an ultra-narrow bandwidth filter, the ASE noise beyond the stopband of the LCFBG1 [(less than 1530 nm and greater than 1538 nm, as indicated in Fig. 3(a) )] introduced by the EDFA will go through the LCFBG1 together with the filtered optical power and reach the following parts. In comparison with the ASE noise, the filtered optical power is relative weak. In order to eliminate the unwanted ASE noise introduced by LCFBG1, we used another LCFBG (LCFBG2) with a circulator to guarantee only the ultra-narrow bandwidth filtered optical power is received by the power meter (PM), as Fig. 2 shows. In the system, the LCFBG2's reflection passband is located at the same wavelength with the LCFBG1's transmission stopband, the bandwidth is equal or less than the stopband of the LCFBG1's transmission spectrum. The OSNR monitoring wavelength range is thus also determined by LCFBG2. In our experiment, the LCFBG2's spectrum is nearly identical to the LCFBG1, as shown in Fig. 3(b) . To support DWDM or future flex-grid coherent optical communication system, the working wavelength of our OSNR monitoring system needs to be tuned to different channel, either the ITU-T Recommended grid or arbitrary wavelength. Owing to the programmable tunability, it is convenient to adjust different working wavelength only by changing different heating pixels in the software control panel without moving any hardware component. Currently, our OSNR monitoring system can work in the stop-band of the two LCFBGs which is from 1530 nm to 1538 nm. As a proof of concept experiment, in this paper, we monitored the OSNR values at four different wavelength channels respectively (1536.22 nm, 1535.82 nm, 1534.64 nm, and 1532.68 nm) with unequal channel spacing (50 GHz, 150 GHz, and 250 GHz). We used four-channel tunable laser (IDPhotonics, CBDX4) to inject four different wavelength channels (1536.22 nm, 1535.82 nm, 1534.64 nm, and 1532.68 nm) simultaneously to the IQ modulator, and the modulated optical signal spectrum after IQ modulator is shown in Fig. 4(a) . To measure different channel's OSNR, we configured the ultra-narrow filter at a specific wavelength and the transmitted optical power at the 3rd port of the circulator is monitored. The monitored transmission spectra of the OSNR monitor at four different wavelength channels are obtained one by one and are superimposed in Fig. 4(b) . It is noted that in Fig. 4(b) there are some much weaker side transmission peaks resulting from the fabricated imperfection of the LCFBG1. Since the undesirable side peaks are permanent and invariable, they will not overlap with our transmitting wavelength thus will not affect the OSNR monitoring results. Certainly it can be mitigated by improving the fabrication quality of the LCFBG.
To investigate the relationship between the monitored optical power and the OSNR value, we first fixed the ultra-narrow filter's wavelength at 1535.82 nm. Adjusting the VOA1, we can acquire different OSNR value prior to the EDFA working in the constant output power mode. The exact OSNR is measured by the OSA as a reference. Meanwhile, the received optical power (ROP) can be tuned by VOA2. The relationship between the optical power measured by the PM after the programmable filter and the OSNR value at different ROPs are shown in Fig. 5(a) . It clearly shows that when the ROP value is fixed, the filtered optical power has a good linear relationship with the OSNR.
By normalizing the measured optical power after ultra-narrow optical filter to the corresponding ROP, the normalized power difference versus OSNR is plotted in Fig. 5(b) . It indicates that the normalized power difference data converges at the corresponding OSNR level at different ROPs, and it can be regarded as a transfer function of OSNR to be monitored. The error bars are calculated and shown in the same figure. The linear OSNR monitoring range with negligible error (standard deviation G 0:5 dB) is from 8.8 dB to 26.4 dB. Meanwhile, Fig. 5(c) shows the constellation diagrams of the 16QAM-OFDM signal at the best and worst OSNRs situation when the ROP is 0 dBm after offline DSP processing. To verify the flexibility of our OSNR monitoring system, we measured four sets of data at different wavelength channels when the ROP is 0 dBm. As Fig. 6 shows, at four different wavelengths, the measured optical powers also have the perfect linear relationships with the OSNR values when the OSNR values are from 9 dB to 26 dB, but the offset powers and slopes are wavelength dependent. The different offset monitored optical power at different channel is due to different transmittance (extinction ratio) at corresponding filter wavelength as shown in the Fig. 4 . The different slopes at different wavelength channels are attributed to the inconsistency of spectral shapes of ultra-narrow optical filters at different wavelengths, due to the defect of the LCFBG and the thermal diffusion effect of TPH. When OSNR value is less than 9 dB, the monitored optical power becomes flat because the signal power is no more dominant in the filtered optical spectrum and the ASE noise will impair the measurement accuracy.
Furthermore, we use the CD/PMD emulators individually to validate the insensitivity to CD and PMD of the OSNR monitoring technique. The working wavelength of the OSNR monitor is 1535.82 nm with 0 dBm ROP. Fig. 7 indicates the corresponding measured optical power variation under dispersion values changing from 0 to 800 ps/nm. The optical power variation is less than 0.3 dB for three OSNR values. Also, the measurements of PMD sensitivity for our method are investigated and the results are shown in Fig. 8 . The measured optical power with OSNR values of 22.8 dB, 16.8 dB and 10.7 dB under DGD value of 0-80 ps are measured. The power variation is less than 0.2 dB at all cases. The variation of the optical power mainly results from the slight disturbance of the filter's spectrum during TPH heating as the airflow and vibration of the monitoring system can influence the heating stability. Additionally, the monitored optical power is different for CD and PMD emulation condition, because the insertion loss of two emulators is different. 
Conclusion
In conclusion, we proposed and experimentally demonstrated a flexible in-band OSNR monitoring method based on fiber-structured programmable ultra-narrow optical filter. The proposed OSNR monitoring scheme is fully compatible with the standard ITU-T DWDM grid and future flex-grid operation. For CO-OFDM transmission system, an accurate OSNR monitoring range has been achieved from 9 dB to 26 dB at arbitrary working wavelength from 1530 nm to 1538 nm. The OSNR monitoring technique has been proved to be insensitive to the CD and PMD, respectively. Moreover, our method can be extended to the whole C-band: even the C þ L band with suitable LCFBG. The accuracy of the OSNR monitoring can be improved with a lower chirp rate and better quality LCFBG, finer heating array, and smarter control strategy. This technology is inherently transparent to the modulation format.
